INTRODUCTION
The reactivity of ozone towards various amino acids, unsaturated fatty acids, nucleic acid bases and sugar moieties has been shown previously in model experiments [1] [2] [3] . Therefore most cellular constituents are potential targets for reaction with ozone. In accordance, exposure of erythrocytes to ozone resulted in oxidation of membrane proteins and lipids, K+ leakage, and inhibition of glyceraldehyde-3-phosphate dehydrogenase and the (Na+ + K+)-dependent ATPase [4] , whereas exposure of alveolar type II cells resulted in glutathione depletion [5] . Further, ozone-induced DNA degradation was observed in intact cells of Escherichia coli [6] and Saccharomyces cerevisiae [7] .
Despite many studies on ozone-induced cellular damage, the ultimate cause of cell death after exposure to ozone is still unknown and, moreover, may be different for different cell types. In this context, we systematically studied the effects of ozone on murine L929 fibroblasts. In a previous paper it was shown that exposure of these cells to ozone resulted in inactivation of intracellular enzymes and depletion of GSH, whereas membrane damage was reflected by increased passive permeability for K+ [8] . In further studies, ozone-induced damage of trans-membrane transport systems in these cells was investigated. In this context the effects of ozone on facilitated diffusion of 2-deoxyglucose, Na+-dependent 2-aminobutyric acid transport and energydependent Rb+ uptake were measured. The results are presented in this paper.
MATERIALS AND METHODS
N.C.T.C. murine fibroblasts, clone L929 (A.T.C.C. number CCL1), tissue-culture products and newbornbovine serum were obtained from Flow Laboratories. L929 fibroblasts were grown as described previously [9] . Exposure of the cells to ozone, at a flow rate of 0.4 ml of oxygen/min, containing 25 ,umol of 03/ml, was performed as described previously [8] . After exposure to ozone the cell layer was washed with phosphate-buffered iso-osmotic NaCl (PBS). Uptake of solutes was determined by incubating the cell layer for 5 min with 2 ml of 2.5 /tM substrate in PBS at 20°C on a shaker. Uptake was stopped by washing the cell layer with 3 x 4 ml of ice-cold PBS. The cells were subsequently scraped off into water, and a sample of this suspension was analysed for radioactivity. For kinetic analysis of 2-aminoisobutyric acid and 2-deoxyglucose transport, the same protocol was followed, but with different substrate concentrations. Passive Rb+ influx was measured in the presence of 1 mM-ouabain, which completely inhibited active Rb+ transport. For all measurements values were within the range of +6%, with four independent experiments for each datum point. Protein was determined as described by Lowry et al. [10] . Lipid peroxidation was assayed by measuring thiobarbituric acid-reactive products at 532 nm [11] .
RESULTS
In control exeriments cells were exposed to pure oxygen for periods up to 2 h. This had no influence on uptake of Rb+, 2-deoxyglucose or 2-aminoisobutyric acid.
Both before and after exposure to ozone, active Rb+ uptake [reflecting the (Na+ + K+)-ATPase activity] and passive Rb+ uptake were linear with time up to 60 min. Upon exposure of the cells to ozone, active Rb+ uptake decreased, whereas passive Rb+ uptake increased ( Fig.   1 ).
2-Aminoisobutyric acid influx is linear with time up to 40 min, and this substrate is accumulated in L929 fibroblasts, indicating that the transport system is energy-dependent [9] . Preincubation of the cells with 1 mM-ouabain for 5 min completely inhibited the (Na+ + K+)-ATPase activity, but did not affect 2-aminoisobutyric acid transport (results not shown). As shown in Fig. 2 , 2-aminoisobutyric acid influx was * To whom reprint requests should be addressed.
Vol. 245 inhibited by ozone. Kinetic analysis revealed that the inhibition is characterized by an increase in the apparent Km value, whereas the apparent Vmax remained constant at 10 nmol/min per mg of protein (Fig. 2) 2-Deoxyglucose uptake is linear with time up to 60 min. Even after prolonged incubation periods, the intracellular free sugar concentration remained negligible, as over 980 of the intracellular sugar appeared to be phosphorylated (results not shown). As shown in Fig.  3 (Fig. 4) . Addition of 20 mM-glucose inhibited 2-deoxyglucose uptake by about 80%, both a -8 6-A before and after exposure to ozone (Fig. 3) . The uptake of L-glucose was not affected by ozone (Fig. 3) .
In further experiments, ozone exposure was discontinued after 30 min and the cells were subsequently incubated in medium for 4 h. During this post-incubation period, transport velocities remained constant, indicating that ozone-induced damage was both non-progressive and irreversible after cessation of ozone exposure.
Even after 45 min exposure to ozone no thiobarbituric acid-reactive products could be measured. In control experiments the cells were exposed to 30 mM-H202. After 10 min lipid peroxidation was reflected by the accumulation of thiobarbituric acid-reactive products (0.315 A532 unit/mg of protein).
DISCUSSION
Passive ouabain-insensitive Rb+ transport increased upon exposure of the cells to ozone (Fig. 1) , indicating increased passive permeability of the membrane for cations. Apparently this increased permeability is not caused by major structural damage to the plasma membrane, as the permeability for a larger molecule such as L-glucose was not increased (Fig. 3) .
Active ouabain-sensitive Rb+ transport, reflecting the activity of the (Na+ + K+)-ATPase, decreased upon exposure of the cells to ozone (Fig. 1) . This cannot be attributed to ATP depletion, as ozone does not affect the cellular ATP concentration [8] . Ozone-induced inactivation of the (Na++K+)-ATPase in erythrocyte membranes is caused primarily by destruction of phospholipids, necessary for the enzyme integrity. Ozone-induced destruction of phospholipids was reflected by a fast increase in thiobarbituric acid-reactive products [12] . In the present study no generation of thiobarbituric acid-reactive products was found during exposure to ozone. This cannot be attributed to fast secondary reactions of these products, as a pronounced generation of thiobarbituric acid-reactive products was observed when the cells were incubated with H202. This virtually excludes a phospholipid-mediated inactivation of the (Na++ K+)-ATPase, and thus other mechanisms of enzyme inhibition should be considered. For instance, photodynamic inactivation of the (Na+ + K+)-ATPase in erythrocyte membranes is presumably mediated by photo-oxidation of an essential thiol group of the enzyme molecule [13] . A similar mechanism may be involved in ozone-induced inactivation of the (Na+ + K+)-ATPase in fibroblasts. In this context it is interesting that the sensitivity of the (Na+ + K+)-ATPase of erythrocytes to ozone [4] is much higher than the sensitivity of the enzyme in L929 fibroblasts, as described in the present paper. Probably this reflects different mechanisms of inactivation.
Transport of 2-aminoisobutyric acid proceeds via a Na+-dependent active-transport system [14] . Although Na+-dependent transport systems and the membrane (Na++K+)-ATPase are interdependent [15] , the inactivation of the amino acid-transport system cannot be attributed to inhibition of the ATPase. This is indicated by the observation that preincubation with ouabain (completely abolishing the ATPase activity) did not affect 2-aminoisobutyric acid transport. Ozone-induced inhibition of 2-aminoisobutyric acid transport was characterized by an increased apparent Km and a constant apparent Vmax (Fig. 2) . The increased apparent Km cannot simply be interpreted as a decrease of affinity of the carrier for the amino acid substrate, as the apparent Km of co-transport systems is a composite constant containing, besides the affinity constant for the substrate, several other terms [16] [17] [18] . The constant apparent Vmax suggests that ozone does not completely inactivate carrier molecules, as this would most probably have been reflected by a decrease in apparent Vmax [16] .
The uptake velocity of 2-deoxyglucose increased upon exposure of the cells to ozone. The increase is not caused by increased passive diffusion, as indicated by the following observations. For simultaneously occurring carrier-mediated transport and passive diffusion, Lineweaver-Burk plots are biphasic [19] . This was not found experimentally (Fig. 4) . Further, the percentage of inhibition of 2-deoxyglucose transport by glucose was the same in control cells and in cells exposed to ozone (Fig. 3) , indicating that all 2-deoxyglucose transport remained carrier-mediated. Finally, L-glucose uptake occurs via passive diffusion and is unaffected by ozone. This makes it very unlikely that passive diffusion of 2-deoxyglucose would be increased by ozone. Probably ozone causes an increase in the velocity of the translocation step of 2-deoxyglucose transport, by an as yet unknown mechanism.
Comparison of the present results with earlier studies [8] reveals that, on a time-scale basis, membrane damage and inactivation of several intracellular enzymes proceed with about the same velocity during exposure to ozone. Therefore both membrane deterioration and intracellular damage may contribute to ozone-induced cell inactivation.
